Introduction
Models of bipolar disorder (BD) assume that an altered neuro development leads to a dysfunctional corticolimbic connectivity, causing an emotional dysregulation. 1 The corticolimbic communication largely relies on structural brain connectivity, through white matter tracts, such as the uncinate fasciculus (linking prefrontal [orbitofrontal] cortices and temporal limbic regions, including the hippocampus and amygdala) and the cingulum.
Diffusion-weighted imaging (DWI) is widely used for the study of white matter changes in patients with psychiatric disorders. 2 Voxel-based methods, such as tract-based spatial statistics (TBSS), can be used to perform whole brain studies. 3 Alternatively, bundle-based methods rely on tractography to reconstruct white matter tracts before using them as regions of interest for quantification of their microstructural status. 4 These methods focus on water diffusivity in the tracts using metrics such as fractional anisotropy (FA), mean diffusivity (MD) or volume of the tract.
A few investigations of white matter changes in patients with BD have been carried out, 5 usually by assessing structural changes with FA, which gives information on the structural integrity of the white matter tracts. These studies reported changes of FA along the white matter of the frontal, occipital and limbic regions in patients with BD, including tracts such as the uncinate fasciculus (UF), the anterior thalamic radiations, the corpus callosum, the fornix, the cingulum (CG) and the arcuate fasciculus (AF). However, these results were not conclusive in terms of FA changes: 5 although
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many studies found reduced FA in some of these tracts, [6] [7] [8] several studies found no change in FA. 4 In the present study, we used the volumetric information offered by bundle-based tractography methods to analyze the shape of the white matter bundles. Brain shapes are supposed to be strongly driven by neurodevelopmental factors. 9, 10 Since most of the brain shapes emerge early during ontogenesis, abnormal shape is often the hallmark of abnormal development. 11 Our shape analysis methodology is derived from a technique initially developed for the study of the variability of cortical folding patterns. 12 For each bundle, shape variability is projected into a simple 2-dimensional space obtained from an Isomap algorithm, a modern multidimensional scaling method 13 ( Fig. 1 ). This approach provides a powerful way to perform quantification of complex shapes, which has been illustrated by the discovery of a developmental feature of the central sulcus: the shape of the hand knob was found to be associated with innate handedness even after a forced switch of the writing hand at school. 12 In the present study, we analyzed the shape of 3 of the main tracts involved in BD: the UF, AF and CG. We hypothesized that the shape of these 3 bundles would be altered in patients with BD compared with controls.
Methods

Participants
Adult inpatients and outpatients with BD type I (DSM-IV-R) were recruited from 4 university-affiliated participating centres: APHP Henri Mondor hospitals, Créteil, France; Fernand Widal hospital, Paris, France; Western Psychiatric Institute and Clinic, UPMC, Pittsburgh, USA; and Central Institute for Mental Health, Mannheim, Germany. We recruited healthy controls with no personal or family history of Axis I mood disorders, schizophrenia or schizo affective disorder via media announcements and registry offices. All participants were clinically assessed by trained raters (S.S., J.L., C.D., N.H., M.A.D., M.D. and A.V.) using the Diagnosis Interview for Genetic Study 14 at the French sites and the Structured Clinical Interview for DSM-IV 15 at the German and American sites, the Montgomery-Åsberg Depression Rating Scale 16 or the Hamilton Rating Scale for Depression, 17 the Young Mania Rating Scale 18 and the National Adult Reading Test 19 in all sites. Exclusion criteria for both patients and controls were history of neurologic disease or head trauma with loss of consciousness and MRI contraindications. Twenty-four of the patients (20.34%) had participated in a previous single-centre tractography study 8 with different aims, DTI sequence and processing pipeline. The multicentre data set was used for a bundle-based FA analysis, which found a BD-associated decrease of FA in the corpus callosum, left CG and left AF. 20 All participants were given full verbal and written information about the aims, methods and risks of the present study and were given the option to decline participation. They were invited to ask questions about the research and about the consent form, with replies contributing to ensuring their informed participation. Patients with enforced hospitalization or under conservatorship were not included in the study, nor were patients in an active psychotic state that may have interfered with their ability to give informed consent. Such processes were assessed through clinical examination and consultation with the medical team involved in the patients' care, as appropriate. After a complete description of the study each participant gave written informed consent. The local ethics committees of each centre (the Ethical Committee of the Medical Faculty Mannheim, Heidelberg University; the Institutional Review Board of the University of Pittsburgh; and the Comité de Protection des Personnes Ile-de-France IX) approved the study protocol.
Data acquisition
To minimize between-sites bias, we obtained diffusionweighted and T 1 -weighted images for all participants using the same hardware in the 3 MRI acquisition sites (Siemens, Magnetom TrioTim 3 T Syngo MR B17, 12-channel headcoil). The MRI protocol included a high-resolution . Two operators (J.H. and S.S.) blind to the diagnosis assessed the data for movement, susceptibility and noise artifacts. Participants with significant artifacts or movements and with missing information were consensually excluded from further analysis. For T 1 images, we corrected the field inhomogeneity bias using an algorithm detailed previously. 21 
Whole brain tractography
Tractography and bundles segmentation involved a method we used in a previous multisite study. 20, 22 The diffusionweighted MRI data were processed using Connectomist 2.0 and the T 1 -weighted MRI data were processed using Morphologist 2012 (www.brainvisa.info). An orientation distribution function (ODF) was computed at each voxel using an analytical Q-ball model, which improves tractography in complex white matter areas relative to classical diffusion tensor imaging (DTI) models with regards to crossing or kissing fibres.
For each participant, a T 1 -based tractography mask was computed in native space. We performed whole brain tractography using a regularized streamline deterministic algorithm.
Bundle segmentation
Whole brain tractograms were then compressed into clusters of streamlines with similar trajectories. Each cluster was finally labelled according to the distance between its centroid streamline and the centroids of the labelled bundles of a multi subject atlas after affine normalization into Talairach space. With regard to the Guevara atlas labels, the tracts of interest were defined as the UF, CG long tracts and AF long tracts. While other bundles of interest in patients with BD may be reconstructed using this processing pipeline, we decided to exclude the anterior thalamic radiations and the corpus callosum owing to the complexity of the associated fans of bundles and we excluded the fornix owing to its small diameter leading to frequent tractography issues. We visually checked segmentation for each participant.
Bundle sampling
The manifold learning strategy initially designed to study the shape of cortical sulci 12 was adapted to fibre bundles. First, we converted each fibre bundle into a streamline density map sampled at the diffusion acquisition resolution. This density map was thresholded at a value of 30 streamlines for a voxel of 2 mm in-plane resolution in order to get a list of voxels belonging to the core shape of the bundle. To check the robustness of the approach to the choice of this threshold, we reproduced each analysis with 4 additional thresholds, 24, 27, 33 and 36, leading to average changes of the bundle volume of -20%, -10%, +10% and +20%, respectively ( Fig. 2) . To control for the influence of brain size variability, we further normalized the voxel coordinates to standard Talairach reference space using a 9-parameter affine transformation. The bundles of the right hemisphere were finally flipped relative to the interhemispheric plane to allow asymmetry studies.
Shape quantification
For each bundle of interest, we used the Isomap algorithm 13 to capture a low-dimensional approximation of the highdimensional space spanned by the bundle shape. Isomap applies multidimensional scaling to a matrix of distances computed along the bundle manifold approximated as a nearest neighbour graph of the participants' individual bundles. This graph is built from a similarity matrix where the similarity in shape between 2 individual bundles is coded by the average quadratic distance between their 3-dimensional (3-D) representations after pairwise alignment using an iterative closest point algorithm. 23 We used the first 2 dimensions of the Isomap, which capture the 2 main shape variations. For each participant's bundle, the 2 coordinates in the associated Isomap provide a quantification of its shape relative to these 2 principal kinds of variations. Hence, this approach allows a compact quantification of shape change, alleviating the problem of multiple comparisons disturbing voxel-based or deformationbased approaches. Since the volume of the bundles may vary extensively among participants in spite of the affine normalization to Talairach space, we assume that one of the dimensions shall be related to volume while the other embeds pure shape variations. We used correlations of each dimension with the volume of the tract to test our assumption. Bundle volume was estimated from a smooth 3-D meshed representation of the core shape.
Shape averaging
In order to clarify the shape features coded in each of the Isomap dimensions, local averages of the bundles are calculated at regularly spaced locations. 23 This process results in a series of moving average shapes (MAS) capturing the shape evolution along the Isomap axis. For visualization, each MAS is translated in anteroposterior direction according to 
Results
Of the participants who met our inclusion criteria, 9 who had significant artifacts or movements and 1 patient with missing information were consensually dropped out from the initial sample, leading to a final sample of 194 participants (112 patients and 82 controls) for our analysis (Table 1 and Table 2 ).
Uncinate fasciculus
The UF was found in both hemispheres for all participants. , p = 0.10). The first dimension of the Isomap was correlated to the bundle volume (r = 0.4, p < 0.001) while the second dimension was not.
For the first dimension, Fig. 3 plots 6 MAS computed along the Isomap axis across the coordinate range including the left and right bundles. For the first dimension, as the volume of the bundle increased from the left to the right of the Isomap axis, the frontal horn assumed a more "fanned out" characteristic while the temporal horn shape remained relatively stable. At the right of the axis the frontal horn showed a Y shape induced by the emergence of the ventrolateral branch in the orbitofrontal region that did not exist in the left-most MAS. For the first dimension, patients with BD had a tendency to differ from controls in the left hemisphere (F 1,187 = 4.4, p = 0.036). The ventrolateral branch of patients with BD had a tendency to be larger than in controls (Fig. 3) . This tendency was qualitatively equivalent for the 4 alternative thresholds (Fig. 2) . This The threshold used in our study was considered optimal, preventing spurious voxels including few streamlines to be selected (see the uncinate representation for a low threshold) and preserving the topology of the bundle (see the split representation of arcuate branches for a high threshold). Note that from the low to the right threshold, the diameter of the bundle core decreases without qualitative changes in the shape. , p = 0.10). The first dimension of the Isomap was correlated to the bundle volume (r = 0.6, p < 0.001) while the second dimension was not.
For the second dimension (Fig. 4) , the shape feature captured by the Isomap was related to the different size of the frontal and the parietal extremities of the CG. From the left to the right of the Isomap axis, the volume of the frontal extremity increased while the volume of the parietal extremity decreased. Hemisphere asymmetry was observed where the left hemisphere was more toward the right side of this Isomap axis (p = 0.011). Patients with BD had a tendency to differ from controls in the left hemisphere (F 1,187 = 4.99, p = 0.027). They had a tendency to have a smaller frontal extremity and a larger parietal extremity. This Isomap coordinate did not depend significantly on FA and scanning site. The tendency remained qualitatively equivalent for the 4 alternative thresholds (Fig. 2) .
Arcuate fasciculus
The left AF was found for all participants while the right AF did not pass our threshold on streamline density for 5 controls and 6 patients. In agreement with this observation, for the participants with adequate streamline density of AF in both hemispheres, we observed the well-known volume asymmetry toward the left hemisphere usually associated with language lateralization (left: 109 ± 51 cm 3 ; right: 53 ± 52 cm 3 , p < 0.001). The first Isomap dimension of AF was strongly correlated to the bundle volume (r = 0.2, p < 0.001) and embedded a massive asymmetry (p < 0.001). While the correlation with volume was borderline for the second dimension (r = 0.1, p = 0.042), and asymmetry was straightforward (p < 0.001).
We observed that this second dimension captured a purer shape variation related to the size of the temporal horn 
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toward the temporal pole. We found a significant effect of BD on this second dimension (F 1,187 = 14.2, p < 0.001) that remained significant for the 4 alternative thresholds (Fig. 2) . This Isomap coordinate also significantly depended on FA (F 1,187 = 24.5, p < 0.001). The correlation between the second Isomap dimension and FA was 0.32, which means that FA increases when the temporal horn gets longer. No difference was found between patients and controls for the first dimension, whereas for the second dimension, the left AF of the patients was more extended toward the temporal pole, and in general the left AF had a longer temporal horn than the right AF. Fig. 5 plots 6 MAS computed along the second dimension Isomap of AF across the range of coordinates including the participants' left and right bundles. From this series of MAS, the shape feature could also be interpreted as a transition from a "looser" to a "tighter" arch or hook around the Sylvian fissure.
For the 3 relevant dimensions of these 3 bundles, we did not observe any effect of age at onset or depressive symptoms (all p > 0.10).
Discussion
To our knowledge, our paper reports the first tractography study exploring the potential of the whole bundle shapes to improve our understanding of white matter changes associated with BD. The most striking shape change observed in these patients relative to healthy controls was a significantly longer extension toward the temporal pole of the left AF.
The implication of AF in BD is not well understood despite several studies exhibiting FA abnormalities. 2 A recent metaanalysis of DTI studies points to AF as one of the prominent regions of relevance to BD, 2 which is consistent with the high statistical significance of our result. However, AF alterations
are not yet integrated in recent models of BD. 24 Changes in the AF are more consistently linked with models of schizophrenia. 25 Our previous findings about FA with this data set, 20 however, were located in the frontal part of the AF, in the anterior segment, whereas our findings about shape are in the temporal lobe. Hence, further investigation is required to explore the microstructure of the temporal horn. In our study, the extended streamlines detected in the patients with BD resulted from local changes of the microstructure beyond the scope of traditional methodologies. The design of refined methods taking potential shape change into account should further clarify the findings. Regarding the UF, it is worth noting that the observed trend toward a global increase of the frontal lobe volume of the UF in patients (controlled for brain size variability by the normalization to Talairach space) is in agreement with previous results for the left UF using streamline count. 4 This altered shape may result from abnormal developmental processes, such as defective neural pruning, as suggested by recent models of BD. 24 Adolescence is a critical time of onset of BD, and this has been assumed to be related to abnormal white matter maturation. 26 The UF is one of the main tracts linking prefrontal (orbitofrontal) cortices and temporal limbic regions, including the hippocampus and amygdala. In patients with BD, recent neural models assume a disrupted connectivity between these regions, leading to an inability of the prefrontal cortices to regulate an overreactive amygdala. 1 Therefore, abnormal neurodevelopment of this fasciculus may be involved in disrupted or altered frontolimbic connectivity, contributing to aberrant interpretation, reaction and decision-making regarding emotional information. 29 We also found a trend toward a smaller frontal extremity and a larger parietal extremity of the left CG in patients with BD than in controls. The CG contains fibres running from the subgenual and anterior cingulate frontal areas to retrosplenial temporal regions and the occipital lobe. It therefore links several parts of the limbic system and is involved in emotional regulation. It has been repeatedly found to be altered in MRI studies of BD, 6, 20, [27] [28] [29] mostly left-sided. 2, 30 Many studies found a left-sided lateralization of this tract 31, 32 in healthy adults; loss of this asymmetry has been associated with higher neuroticism scores. 33 Before the advent of tractography, in vivo assessment of white matter bundle shapes was beyond reach, except at the level of bottlenecks, such as the corpus callosum. Abnormalities of the shape of a midsagittal section of the corpus callosum have been demonstrated in patients with schizophrenia 34 and BD. 35 To our knowledge, the only previous work exploiting tractography to study white matter shape in a psychiatric syndrome was limited to the changes of the fan geometry of fibres passing through the corpus callosum in patients with schizophrenia. 36 Linking our observations with the decrease of FA observed for the same tracts in the current literature is an open issue. [6] [7] [8] A decrease of FA is usually associated with changes in the microstructural properties of the fibre pathways, such as decreased axonal diameter or density, reduced myelination, or decreased white matter coherence. 37 Hence, the decrease of FA observed in patients with BD could be associated with either a lack of maturation, with a degenerative process akin to aging, or both. 38 In the present study, however, we found that whatever the status of the participant, the longer temporal part of the AF correlated with higher global FA for the bundle. These correlations could mean that higher FA results in better tractography, or that larger bundles result in higher FA because of lower partial volume. More importantly, this observation could mean that FA changes associated with BD are probably heterogeneous across the bundle. Hence, taking into account bundle shape changes could shed some light on the inconsistencies in the literature on microstructure findings using parameters such as FA: shape differences could have a complex impact on the measurements using different methodologies.
To our knowledge, this report relies on the largest multicentre sample of patients with BD involved in a tractography study to date, thus reducing the risks associated with restrained statistical power and single-centre recruitment. Furthermore, the MRI acquisition protocol and hardware have been harmonized to reduce site-specific effects, and replication of the results with different parameters of the tractography method has been achieved. Finally, to our knowledge, this is the first systematic study of disease-related changes of the shape of fibre bundles ever reported.
Limitations
The findings described in this paper tend to support the malformation of the frontotemporal connectivity stemming from A common limitation of cross-sectional studies is the inability to determine whether the observed alterations precede the onset or develop during the course of the disease. 38 However, white matter abnormalities have been reported in patients with BD at onset and in samples of unaffected relatives. 27 Another limitation is the intersite effect in our results, as this is the case for most multisite neuroimaging studies. Intersite differences may arise from both technical factors (we attempted to limit these by homogenizing scanners, data acquisition and processing) and clinical differences between populations. Bipolar disorder is a highly heterogeneous condition, although we do not precisely know which clinical factors have a strong neurobiological basis. This is a clear limitation that has to be addressed in future studies. In spite of this limitation, our results were consistent across sites relative to displacements of means and quartiles between groups, supporting an effect shared across sites (Fig. 3, Fig. 4 and Fig. 5 ). Potential effect of medications was not investigated in this study; however, evidence suggests that medications are not a major confounder in imaging studies of white matter in patients with BD. 39 Alternatively, shape modification may be associated with processes other than neurodevelopment (e.g., neuroprogressive effects), with medication usage, or with disease effects. We cannot rule them out in this cross-sectional study, but disease effects are not likely to yield larger tracts as seen here for the AF. Additionally, recent reviews suggest no effects or minimal effects of medication on DTI parameters. 39 It is important to realize that the observed shape abnormalities can result either from an actual anatomic difference or from a different behaviour of tractography in the 2 populations. The main confounding factor that may modulate the shape of a fibre bundle resulting from tractography is the erroneous estimation of fibre directions in complex voxels, including crossing or kissing fibres. 40 Therefore, some of the changes observed between patients and controls could result from changes in the neighbourhood of the tracts of interest. A lighter density of crossing fibres in patients with BD would simplify tractography and reveal some segments of the tracts usually lost in healthy controls. Further study involving not only deep white matter bundles, but also superficial U-fibre bundles will be required to tackle this issue. In the present study, the use of Q-ball imaging alleviated the risk of such mistakes relative to standard DTI, but further improvement of tractography methods, such as global tractography, would be of interest. 40 Finally, another limitation of this study is the possible heterogeneity of the samples recruited and the different clinical tools used in the different centres. This limitation pertains to the multisite design of the study.
Conclusion
Our observation of an altered shape of the left AF suggests neurodevelopmental abnormalities in patients with BD. Future studies comparing patients with schizophrenia and patients with BD may enlighten the specificity of this finding and its link with psychosis. The differences found in the left AF support recent reports of predominantly left-sided changes in patients with BD. Links between disturbance of asymmetry and neurodevelopment in BD warrant further exploration, as do the statistical tendencies observed for the left UF and the left CG.
